The arthropods are the most speciose, and among characters that provide relevant phylogenetic signals are masked by 500 million years of noise.
quences. We use these combined data to examine the relationships among the arthropod taxa by phylogenetic analysis using amino acid sequences. The discrepancy between traditional taxonomy and the growing weight of molecular evidence suggests that many of the morphological characters used to build arthropod
The Hox genes of all arthropods can be assigned to the same classes as those of insects. Figure 1 depicts these phylogenies have been subject to convergence, particularly between insects and myriapods. However, it remains assignments for most of the published arthropod Hox genes (taxa for which three or fewer genes are known are difficult to build well-resolved molecular trees, probably because the diversification of the arthropods was rapid not shown). Allowing for the incompleteness of the data, most arthropod taxa appear to contain a single representaand ancient; crown group arthropods are already present in the early Cambrian 520 million years ago [11] . The few tive of each Hox gene class, which together presumably but these have occurred subsequently to the radiation of the four subphyla.
Most of the sequence variation in the arthropod Hox genes occurs in the regions flanking the homeodomain rather than in the homeodomains themselves. For many of the taxa shown in Figure 1 , only short fragments of part of the homeodomain have been identified. These short sequences have few variable sites and are therefore not useful for phylogenetic analysis. We identified ten taxa for which all or most of the homeodomain and flanking regions have been reported for at least four genes (for alignments see Figure S1 in the Supplementary material available with this article on the internet) and chose those for further phylogenetic analysis.
Of these ten taxa, only the three hexapods D. melanogaster, F. candida, and T. castaneum are represented by complete or almost complete sequences for all ten genes. Other taxa are represented by data for some genes only. Consequently, we could not construct a single data set containing all genes and all taxa. Instead, we assembled several different data sets, each of which had the potential to resolve a particular phylogenetic question. Each data set comprised concatenated amino acid sequences of taxa for which complete or nearly complete homeodomain sequences were available for the same set of genes. For each additional taxon included, it was usually necessary to reduce the number of genes selected. Each data set was tested for its ability to produce well-supported trees.
No data set that included good sampling of all four arthropod subphyla allowed us to include a sufficient number in Figure 2 .
For taxon abbreviations and sequence sources, see Table S3 in the Supplementary material. Figure 2a shows an unrooted maximum-likelihood tree for data set 1. Although the tree is unrooted, only three possible locations (marked) for a root are biologically plaucomprise a single Hox cluster as they do in insects. We sible. Other roots would imply improbable relationships, use the Drosophila gene names to refer to the orthologous for example involving splitting the crustaceans into two genes in all arthropods.
major clades or grouping crustaceans with chelicerates and myriapods and thereby leaving hexapods as basal in the tree. Furthermore, analysis of data set 2 supports one Gaps in Figure 1 represent genes that have not been found, not missing genes. To our knowledge, it has not of these three roots, which is indicated by a double bar on Figure 2a . We conclude that the root for this tree is been conclusively demonstrated that any arthropod taxon is missing any Hox cluster gene, though this may be the on one of the three branches shown and that these data therefore support a monophyletic group containing hexacase for genes of the abd-A class in cirripedes [13] . Gene or cluster duplications have occurred in some lineages, pods and crustaceans. This tree also shows crustaceans Phylogenetic analyses of concatenated amino acid sequences from used as the null hypothesis for the generation of 100 data sets as various arthropods. Taxa are identified by genus. For full species above, and a frequency plot of the test statistic, Ϫln ⌳, for this data set names and sequence sources, see Figure S3 in the Supplementary is shown. All of the 100 values of the test statistic are less than that material. (a) A PAML maximum-likelihood tree for data set 1 including for the original data set, so the null hypothesis is rejected. (d) The three hexapods, three crustaceans, one myriapod, and one chelicerate best tree in which hexapods and crustaceans are separate with 431 amino acid residues from the following six genes: Dfd, monophyletic lineages. This tree was used as the null hypothesis Scr, ftz, Antp, Ubx, and Abd-B. Parameters were optimized with a for the generation of 100 artificial data sets for parametric likelihood ratio test. The model used allowed each gene to evolve bootstrapping, and a frequency plot is shown. The value of Ϫln⌳ at a separate rate, and it had a single gamma rate distribution for the for the real data is exceeded by 25% of the artificial data sets, so the entire data set. Bars across branches represent possible positions for null hypothesis cannot be rejected in this case. (e) The maximuma root. A double bar indicates a root supported by analysis of data likelihood tree for dataset 2 including two chelicerates, two set 2. The next-best 13 trees rearranged the three crustacean myriapods, three hexapods, and an onychophoran, with 445 amino lineages and the three hexapod lineages relative to each other, but acid residues from the six genes lab, Dfd, Scr, Antp, Ubx, abdA, all maintained the hexapods-within-crustaceans topology. (b) and AbdB. Parameters were optimized with a likelihood ratio test. The Parametric bootstrap results and best tree in which myriapods and model used allowed each gene to evolve at a separate rate and had hexapods form a monophyletic group. This tree was used as the a single gamma rate distribution for the entire data set. The position null hypothesis for the generation of 100 artificial data sets for where the outgroup, Acanthokara (Onychophora), joins the tree is parametric bootstrapping, and for each data set we calculated a marked as "root." (f) The best tree in which myriapods and hexapods test statistic, Ϫln ⌳, by finding the difference between lnL of the best form a monophyletic group. This tree was used as the null hypothesis tree for that data set and the lnL of the best tree conforming to the for the generation of 100 artificial data sets for parametric null hypothesis. The values were binned (X axis) and tallied (Y axis) bootstrapping, and a frequency plot is shown. All 100 of the data as shown. All of the 100 values of the test statistic are less than that sets had Ϫln ⌳ values below that for the original data set, thus the for the original data set, so the null hypothesis is rejected. (c) The null hypothesis is rejected. best tree in which hexapods are not monophyletic. This tree was as paraphyletic with respect to hexapods; we test this phylogenies, however, group the myriapods and hexapods as sister taxa [14] . We tested the myriapod/hexapod clade relationship below.
by first identifying the best tree in which hexapods and myriapods are sister groups but that excludes crustaceans The association of hexapods and crustaceans, excluding and chelicerates. We then considered this tree as the null myriapods, is supported by other molecular phylogenies and mitochondrial gene order data. Recent morphological hypothesis in a parametric bootstrapping analysis ( Figure 2b ). In this analysis, the null hypothesis is rejected with mists have considered chelicerates as basal in the arthropod lineage. However, we note that a number of molecular near certainty; these Hox gene sequences strongly support a monophyletic lineage of hexapods and crustaceans.
studies have also reported a myriapod/chelicerate clade [5, 6] . The maximum-likelihood tree for this data set (Figure The insects were long believed to be most closely related 2a) suggests that the hexapods are a monophyletic lineage.
to the myriapods, principally through the common presWe tested this result by identifying the best tree in which ence of trachea (hence "Tracheata") and malphigian tuhexapods are not a monophyletic group and then using bules and through the common lack of second antennae. this tree as the null hypothesis to generate artificial data This clade has, however, been repeatedly questioned by sets for parametric bootstrapping (Figure 2c ). In this analmolecular studies, with the new consensus being that the ysis also, the null hypothesis is rejected, and we conclude hexapods and crustaceans form a single clade. Our data that these data support the monophyly of the hexapods reinforce this result. The corollary of the dismantling of (specifically Collembola and Pterygota).
the Tracheata is that malphigian tubules and tracheae of hexapods and myriapods must have evolved convergently, The three crustacean taxa in data set 1 belong to three while their secondary antennae were convergently lost. different crustacean subclasses, Branchiopoda, MalacosWe can also infer that insects must derive not from some traca, and Maxillopoda, and represent a wide spectrum homonomous myriapod-like body but rather from an alof crustacean lineages. In order to test the monophyly of ready tagmatized crustacean, with very different implicathe crustaceans with respect to the hexapods, we identitions for the evolution of segmentation. fied the best tree that separates the crustaceans and hexapods into two separate monophyletic sister groups, then
Our evidence that chelicerates are allied to myriapods used this tree as the null hypothesis in a parametric bootargues against the idea of a clade of mandibulate arthrostrap test. Results from this analysis are shown in Figure  pods (insects/crustaceans and myriapods). Rather, it sup2d. In this case the null hypothesis that crustaceans and ports the alternative notion that three taxa sharing a wellhexapods are two monophyletic lineages cannot be redefined and complex character -the mandible -might jected; thus, while our maximum-likelihood tree suggests not be monophyletic. This suggests that mandibles might that hexapods may in fact be a lineage within the Crustahave been present in the common arthropod ancestor cea, confirmation of this result awaits additional data. and might subsequently have been lost in chelicerates. Alternatively, we must assume the convergent evolution Figure 2e shows an unrooted maximum-likelihood tree for of mandibles in myriapods and in the crustacean/insect data set 2. Although unrooted as shown, the mitochondrial clade. DNA gene order data [4] provide unequivocal evidence that the Onychophora lie outside the arthropod lineage Both of these results reinforce the conclusion that the and thus root the arthropods at the base of the Onychomorphological features traditionally used to infer relationphoran branch. When so rooted, the chelicerates, which ships among the arthropod subphyla make a poor phylogeare represented by two spiders, and myriapods, which netic data set. At this depth in the tree, convergence are represented by two centipedes, form a monophyletic and stochastic change overwhelm whatever phylogenetic group that excludes the hexapods. We were unable to signal they contain. include any crustacean sequences in this data set, but previous evidence, as well as the results from analyses of Materials and methods data set 1, support a hexapod/crustacean clade. We tested
We amplified short fragments of the Hox genes from genomic DNA of the robustness of the myriapod/chelicerate clade by iden-F. candida, L. forficatus, S. immaculata, and Pauropus sp. by using tifying the best tree that places the myriapods together various combinations of degenerate primers designed to match conwith the hexapods and then used this tree as the null served regions of the Hox protein sequences (see Tables S1 and S2 in the Supplementary material). We extended L. forficatus and F. candida hypothesis in a parametric bootstrap test (Figure 2f ). For sequences by using inverse PCR (iPCR) [15] or by sequencing phage this test the null hypothesis is rejected, so we conclude clones isolated from a genomic library. F. candida and L. forficatus that the Hox gene sequences in our data support the Hox genes were unambiguously identified by alignment with previously division of the arthropods into two lineages, one including published sequences and the presence of "diagnostic" residues for each gene [10] . Sequences of the homeobox motif and its flanking regions myriapods and chelicerates, and one including crustaceans were aligned by eye; alignments were extended into flanking regions and hexapods.
only as far as the sequences could be unambiguously aligned ( Figure  S1 in the Supplementary material).
When considered together, the analyses of our two data
We report here only phylogenies estimated by maximum likelihood besets therefore suggest that the Arthropoda are divided cause these allow more specific and accurate models of the evolutionary into two major lineages, one comprising hexapods and process to be implemented [16] and because this method allows the crustaceans and another comprising myriapods and chelictesting of alternative tree hypotheses by the use of parametric bootstrapping. We assembled various data sets by concatenating gene sequences erates. This result was unexpected because most taxono-
